1. The endogenous creatinine/GFR (inulin or free [s7Co]cyanocobalamin or ['Z51]iothalamate) clearance ratios were determined in ninety-nine non-nephrotic patients and subjects and in sixteen nephrotic patients. The clearance ratios of the nephrotic patients were not significantly different from those of the non-nephrotic patients and normal subjects.
creatinine levels between 7 and 13 mg/100 ml which decreased to 1 -12 as the plasma creatinine level was increased to 127 rng/100 ml. These observations demonstrated the association between clearance ratios and the level of plasma creatinine. If it is accepted that inulin clearance measures GFR, a creatinine/inulin clearance ratio greater than 1.0 represents net tubular secretion of creatinine. Further evidence to support the existence of tubular secretion of exogenous creatinine was supplied by Crawford (1948) who found that a mean creatinine/ inulin clearance ratio of 1.25 was lowered to 1.10 by large intravenous doses of p-aminohippuric acid probably due to competitive inhibition of creatinine transport. Hare et al. (1949) reported the true endogenous creatinine/inulin clearance ratio was near unity in normal subjects, but was significantly greater than 1 a 0 in patients with renal insufficiency. Reubi (1963) , using thiosulphate clearance as a measure of GFR, found the endogenous creatinine/thiosulphate clearance ratio increased as the thiosulphate clearance decreased.
Not all investigators have found increased clearance ratios in patients with renal disease. Brod & Sirota (1948) reported the endogenous creatinine/inulin clearance ratio averaged 1.0 in normal subjects and 1.04 in twelve of thirteen patients with renal disease. The one exception was a clearance ratio of 1.61 in a patient with the nephrotic syndrome. Haugen & Blegen (1953) found a clearance ratio of 1.01 in eighteen individuals but their study omitted patients with inulin clearance below 40 ml/min. Mandel et al. (1953) examined the renal clearance of creatinine in relation to that of inulin. They reported both true creatinine as measured by an absorption-elution method and total creatinine chromogen clearances were greater than inulin clearances in renal disease. They concluded that creatinine was not only filtered and secreted but also reabsorbed. This hypothesis was later supported by Berglund (1961) who combined his data with Shannon's (1953) published data to construct a graph comparing exogenous creatinine/inulin clearance ratios to serum creatinine levels. The clearance ratios increased from 1 -1 at plasma creatinine levels of 1 -0 mg/100 ml to a maximum of 1 *4 at plasma levels of 8-10 mg/100 ml then fell with increasing levels of plasma creatinine. Lubowitz et al. (1967) reported the results of clearance ratios from patients with inulin clearances below 20 ml/min. The data supported their thesis that the endogenous creatinine clearance asymptotically approaches the inulin clearance as the plasma creatinine level rises and the functional renal mass becomes quite small.
Berlyne et al.
( 1 964) found the endogenous creatininelinulin clearance ratio was greater than expected in four patients with the nephrotic syndrome. If, as these data suggest, the net tubular secretion of creatinine is greater in nephrotic patients, creatinine clearances would overestimate the GFR.
Our study was undertaken to determine endogenous creatinine/GFR (inulin, or free [57Co]-cyanocobalamin or [1251]iothalamate) clearance ratios in a large group of normal subjects and patients with renal disease. The clearance ratios were also determined in sixteen patients with the nephrotic syndrome and compared to the larger group of subjects and non-nephrotic patients. Simultaneous inulin, endogenous creatinine and [I4C]creatinine clearances were compared in a separate second study. In eight other patients bilateral ureteral catheterization was performed and simultaneous inulin and creatinine clearances were obtained from the better and from the more diseased kidney in each patient. Our combined data suggest creatinine is secreted by the renal tubules at all levels of renal function. The increase in creatinine/GFR clearance ratios between GFR values of 15-176 ml/min is probably the result of the decreasing contribution of non-creatinine chromogen to the total serum creatinine chromogen values.
METHODS
Simultaneous renal clearance studies were performed in 115 adult subjects and patients. The nephrotic syndrome (24-hr urine protein greater than 3.5 dl.73 m2 and the presence of urinary oval fat bodies) as defined by Schreiner (1963) was present in sixteen patients. Endogenous creatinine clearances were measured in each study. The GFR was measured by inulin in seventy-six of the studies, free [57Co]cyanocobalamin in thirty-one studies, and ['251]iothalamate in eight studies. Each study represents the mean of three or more simultaneous clearance periods.
The subjects and patients were fasted overnight prior to the clearance tests. Hydration was achieved by oral water loading and intravenous 5% glucose in water. In a few of the studies, 5% mannitol was given intravenously to obtain greater urine flows. A priming dose of the substance used to measure GFR was administered and a sustaining infusion was maintained by a constant infusion pump. Blood was drawn at the mid-point of the clearance periods. The patients remained supine during the clearance studies, standing or sitting only to void. A bladder catheter was used only when urine flow was scant or when incomplete bladder emptying was suspected.
In the second study clearances were obtained as in the first study with the exception that inulin and tracer amounts of [14C]creatinine were infused. [14C]creatinine was obtained from Nuclear-Chicago Company as a freeze-dried preparation which was claimed and confirmed to be 98% radio-chemically pure by chromatography in (1) n-butanol, acetic acid and water, (2) isopropanol, ammonia and water and (3) n-butanol, pyridine and water. Chemical purity by infra-red spectroscopy is stated to be at least 98%. Urine concentrates from experimental subjects have shown by chromatography only a single radioactive species with migration properties identical to creatinine, thus controverting the possibility of significant in vivo degradation of ['4C]creatinine. Radioactive counting was done in a liquid scintillation counter utilizing a scintillator described by Bloom & Nelp (1965) . Specimens were corrected for quenching by the use of internal standards.
In the third study bilateral ureteral catheterization was performed during spinal anaesthesia in eight patients with hypertension and a unilaterally small kidney. Hydration was achieved by intravenous 5% glucose in water and the patients remained supine during the study. Inulin clearances were done as described in the first study.
Chemical creatinine and inulin were determined on an autoanalyzer; the former by a modification of the alkaline picrate technique (Chasson, Grady & Stanley, 1961) and the latter by a modification of the resorcinol method of Roe, Epstein & Goldstein (1949) . Inulin clearances were corrected for the inulinoid substances that exist in plasma by measuring a preinfusion plasma blank. No urinary blank was used as the urinary inulinoid material is such a small fraction of the total inulin excreted during an infusion. The methods of Cutler & Glatte (1965) and Anderson, Sawyer & Cutler (1968) were used in performing the free [57Co]cyanocobalamin and [' 251]iothalamate clearances and determinations. All clearances were corrected to 1.73 m2 using the DuBois nomogram and reported as ml min-l 1-73 m-' .
RESULTS
The relationship between the endogenous creatinine/GFR clearance ratios and the GFR values from the ninety non-nephrotic patients and the nine normal subjects is shown in Fig. 1 . The regression line (y= 1 -4-04031~) for the entire population is significantly different from zero (P<O-Ol). The population was arbitrarily subdivided into ten patient groups with each group having nine or ten patients with similar GFR measurements. The mean GFR and standard deviation were obtained for each group. The fitted straight line ( y = 1.4-0.0031~) for the entire population was tested for goodness of fit by comparing the sum of squared deviations of observations from the line with the sum of squared deviations of observations in each patient group from their group mean. An F test revealed the grouped data to differ from the regression line at the 5% level which suggest that the data forming the regression line come from populations with different mean clearance ratios. The clearance ratios of the nephrotic patients are shown in Fig. 2 . When the two sets of data as shown in Fig. 1 (non-nephrotics) and Fig. 2 (nephrotic patients) are compared by analysis of covariance, there is no significant difference (P> 0.5).
The results of the second study comparing simultaneous endogenous creatinine, [' "C]-creatinine and inulin clearances from seventeen separate patients are recorded in Table 1 . The ['4CJcreatinine/inulin clearance ratios are greater than the creatinine/inulin clearance ratios in all studies with inulin clearances greater than 15 ml/min. Below this value, both clearance ratios are more nearly equal.
The results of the third study comparing simultaneous endogenous creatinine and inulin clearances from the better and from the more diseased kidney in eight separate patients are shown in Table 2 . Although the clearances of both inulin and creatinine were definitely greater from the better kidney, the creatinine/inulin clearance ratios from the better and more diseased kidney are not significantly different (P> 0.25) using the two-tailed Student t-test. 1-9 1.1 1-6 1.1 1.5 1 a5
1. m-l) (ml min-l 1.73 m-*) hulin ratio > DISCUSSION In clinical practice the serum creatinine and the endogenous creatinine clearance are the tests most often used to estimate the GFR. Technical problems in accurately measuring the plasma creatinine led Rehberg (1926) to ingest creatinine to raise his plasma creatinine to a higher, more easily measured level. The subsequent use of both exogenous and endogenous creatinine clearances and different methods to determine creatinine have led to differences in interpretation of value of the creatinine clearance as an estimate of GFR, although most workers believe that creatinine is filtered at the glomerulus and secreted by the renal tubules by a transport limited mechanism in man.
Total creatinine chromogen (true creatinine plus non-creatinine chromogen) is now often determined by the autoanalyser method. This method does offer greater precision than hand methods and eliminates the possibility of incomplete creatinine recovery from hypoproteinaemic plasma that was demonstrated by Edwards & Whyte (1958) . Chasson, Grady & Stanley (1961) found the autoanalyser method overestimated the true creatinine by 21% at true creatinine levels of less than 1.0 mg/100 ml and 10% at levels greater than 1-0 mg/100 ml.
In the ninety-nine non-nephrotic patients and subjects the range of creatinine/GFR clearance ratios is great at any GFR value. When the clearance ratios of the smaller group of nephrotic patients are compared to those of the non-nephrotics, there is no significant difference. This suggests that the clearance ratios in these nephrotic patients are within the wide range of clearance ratios of a larger group of non-nephrotics.
The clearance ratios in the ninety non-nephrotic patients and the nine normal subjects tended to increase as the GFR decreased from 176 ml/min to less than 15 ml/min. The ratio then tended to decrease at very low GFR values. In addition, some of the clearance ratios were less than 1-0 as had been previously reported by Mandel et al. (1953) and Reubi (1963) . These changing clearance ratios could be explained, in part, by (1) an increase in the tubular secretion of creatinine as the total creatinine chromogen increases and GFR decreases; (2) a difference in the renal handling of creatinine by diseased kidneys ; (3) tubular secretion and reabsorption of creatinine with a different transport maximum for each; (4) a decreasing contribution of non-creatinine chromogen to the total serum creatinine chromogen as the latter increases; and (5) a tubular maximum for secretion of creatinine.
Our second and third studies were undertaken in an attempt to explore which possibilities might best explain the observed clearance ratios. The [14C]creatinine/inulin clearance ratios were greater than the endogenous creatinine/inulin clearance ratios for all inulin clearances greater than 15 ml/min. This suggests that creatinine is secreted by the renal tubules at both normal and subnormal levels of renal function. In the third study, in spite of the marked difference in mean inulin clearances between the better kidneys (69 ml/min) and the more diseased kidneys (23 ml/min), the endogenous creatinine/inulin clearance ratios were not significantly different suggesting the more diseased kidney does not handle creatinine in a different manner from the better kidney when a normal or nearly normal level of plasma creatinine is presented to both kidneys.
Although our studies do not exclude the possibility of both tubular secretion and reabsorption of creatinine in man, the results can be explained by the decreasing contribution of noncreatinine chromogen to the total serum creatinine chromogen as renal function decreases and total creatinine chromogen increases. This would explain the increasing endogenous creatinine/inulin clearance ratio as GFR falls. When the GFR is very low and the functional renal mass is reduced, the transport maximum for creatinine secretion may be exceeded which would result in a fall in the clearance ratio toward unity. The varying clearance ratios at different levels of GFR, whatever the cause, probably account for the heterogeneity of the population studied and the statistical difference of the grouped data from linearity.
